GEOSPHERE

GEOSPHERE, v. 18, no. 4
https://doi.org/10.1130/GES02447.1

figures; 3 tables

CORRESPONDENCE: wcraddock @usgs.gov

CITATION: Craddock, W.H., O’Sullivan, P.B., and
McAleer, R.J., 2022, U-Pb and fission-track data from
zircon and apatite resolve latest- and post-Alleghanian
thermal histories along the Fall Line of the Atlantic
margin of the southeastern United States: Geosphere,
v. 18, no. 4, p. 1330-1353, https://doi.org/10.1130

/GES02447.1.

Science Editor: David E. Fastovsky
Associate Editor: G. Lang Farmer

Received 4 May 2021
Revision received 19 November 2021
Accepted 16 March 2022

Published online 10 June 2022

@OLD

OPEN ACCESS
F THE GEOLOGICAL SOCIETY
‘ OF AMERICA®

This paper is published under the terms of the
CC-BY license.

© 2022 The Authors

GEOSPHERE | Volume 18 | Number 4

U-Ph and fission-track data from zircon and apatite resolve latest-
and post-Alieghanian thermal histories along the Fall Line of the
Atlantic margin of the southeastern United States

William H. Craddock’, Paul B. 0°'Sullivan? and Ryan J. McAleer®

'Geology, Energy, and Minerals Science Center, U.S. Geological Survey, Reston, Virginia 20192, USA

2GeoSep Services, Inc., Moscow, Idaho 83843, USA

SFlorence Bascom Geoscience Center, U.S. Geological Survey, Reston, Virginia 20192, USA

ABSTRACT

Although the Atlantic continental margin of the
eastern United States is an archetypal passive mar-
gin, episodes of rejuvenation following continental
breakup are increasingly well documented. To bet-
ter constrain this history of rejuvenation along the
southern portion of this continental margin, we
present zircon U-Pb (ZUPb) age, zircon fission-track
(ZFT) age, apatite U-Pb (AUPb) age, and apatite
fission-track (AFT) age and length data from six
bedrock samples. The samples were collected along
the boundary between the exposed Appalachian
hinterland (Piedmont province) and the updip limit
of passive margin strata (Coastal Plain province).
The samples were collected from central Virginia
southward to the South Carolina-Georgia border.
ZUPb age distributions are generally consistent
with geologic mapping in each of the sample areas.
The AUPb data are highly discordant owing to high
common-Pb abundances, but for two plutons at
the northern and southern ends of the sample area,
they define a discordia regression line that indi-
cates substantial Permo-Triassic exhumation-driven
cooling. ZFT age distributions are highly dispersed
but define central values ranging from Permian to
Jurassic. AFT data mostly appear to define a singu-
lar underlying cooling age, generally approximately
Jurassic or Early Cretaceous. Apatite fission tracks
are moderately long (mean lengths in the range of
~13.5 um), however track lengths for one sample
in central North Carolina are shorter (~12.5 pm).

William Craddock @ https://orcid.org/0000-0002-4181-4735

To interpret the post-breakup thermal history, we
present inverse models of time-temperature his-
tory for the five plutonic samples. The models
show a history of (1) rapid cooling (>10 °C/m.y.)
from deep-crustal to near-surface temperatures
by the Triassic, (2) hundreds of degrees of Triassic
reheating, (3) Jurassic-Early Cretaceous cooling (at
rates of 1-10 °C/m.y.), and (4) slow Late Cretaceous-
Cenozoic cooling (~1 °C/m.y.). An additional suite
of forward models is presented to further evaluate
the magnitude of maximum Triassic reheating at
one sample site that is particularly well constrained
by thermal maturity data. The model results and
geologic reasoning suggest that the inverse mod-
els may overestimate Triassic paleotemperatures
but that other aspects of the inverse modeling are
robust. Overall, this thermal history can be recon-
ciled with several aspects of the lithostratigraphy of
distal parts of the continental margin, including the
lack of Jurassic-earliest Cretaceous strata beneath
the southern Atlantic coastal plain and Cretaceous—
Cenozoic grain-size trends.

B INTRODUCTION

Rifting of supercontinent Pangea is archived in
the southeastern United States by an elongate chain
of approximately Late Triassic extensional basins
that extends parallel to the continental margin
(e.g., Olsen, 1997; Withjack et al., 1998). The timing of
subsequent continental breakup is bracketed by the
age of the oldest oceanic crust adjacent to this con-
tinental margin, which is thought to be ca. 175 Ma

(Withjack et al., 1998; Miiller et al., 2008). Around the
southeastern Atlantic margin, the rift basins show
structural evidence for inversion (see Withjack et
al., 1998, and references therein). Moreover, Trias-
sic basins exposed in the Appalachian Piedmont
province and those beneath updip portions of the
coastal plain exhibit elevated near-surface thermal
maturity that implies kilometer-scale exhumation of
these basins (e.g., Reid and Milici, 2008; Malinconico,
2015). Beneath offshore areas, the sag phase of basin
fill appears to be absent in seismic reflection data
likely due to erosion (Post et al., 2016).

For the area from the state of Virginia to the
south, few studies have focused on the timing of
the inversion of the rift-basin province. Thermo-
chronological studies of the southern Appalachian
orogen indicate kilometer-scale exhumational cool-
ing since the Cretaceous (e.g., Roden, 1991; Roden
et al., 1993; Boettcher and Milliken, 1994; Spotila
et al., 2004; McKeon et al., 2014). However, most
of these studies have been focused to the west of
the rift basins in the western portions of the Pied-
mont province, the Blue Ridge province, or the
Appalachian orogenic foreland basin (Fig. 1). The
sedimentary record offshore of Maryland and Vir-
ginia records accelerations in sediment supply in
the Jurassic, in the Hauterivian—-Barremian, in the
Campanian, and in the Neogene owing to changes
in erosion upstream (Poag and Sevon, 1989; Paz-
zaglia and Brandon, 1996), but a similar analysis for
more southerly parts of the continental margin and
source-sink studies remains outstanding.

This paper presents the results of a study on the
post-Paleozoic thermal and erosional history of the
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southeastern part of the continental margin, at the

boundary of the exposed part of the southern Appa-
Ej - 40°N lachian orogen and the passive-margin sequence
beneath the physiographic coastal plain. This
boundary is referred to as the “Fall Line,” named
for the bedrock river knickzones that are located
along the strike of this feature. The key new data

ZFT (n=156)

AFT (n=166)

| A B S B S — —
0 100 age ﬁag] 300 Py are zircon fission-track (ZFT) age measurements and

| 38°N  apatite fission-track (AFT) age and length measure-
ments for each of six samples collected from Fall
Line outcrops from central Virginia to the Georgia-
South Carolina border. To constrain the long-term
) L\ ) thermal history of these samples, we also present
Triassc basms and paired zircon U-Pb (ZUPb) age measurements and,
bounding faults . .
\(outcrop & subcrop) [ 36°N  Wwhere possible, apatite U-Pb (AUPDb) data as well.
A suite of inverse models of time-temperature
history for the five fission-track samples from plutons
Hatteras Light is presented to help in understanding the regional
post-breakup thermal history. The inverse models
involve at least one major geological assumption,
- 34°N  which is that samples were cooled to near-surface
A temperatures by the Triassic and subsequently
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Figure 1. Apatite fission-track (AFT), z!rcon flssmn-tra?k (ZFT), apa_tlte (U_-Th)/He _(AHe), and zircon (U-Th)/He (ZHe) and ZFT data from around the southern Appalachian

samples across the southern Appalachians (eastern United States), including the six new AFT-ZFT samples presented . ) .

in this paper. At the six new sites, apatite and zircon U-Pb geo- and thermochronologic data were also collected and ~ Or0gen as well as the lithostratigraphic character of

are presented in this paper. For AFT samples, central ages are given, with all age modes given for multimodal AFT age more distal Jurassic-Cenozoic stratigraphic sections

distributions. For ZFT samples, filtered central ages are presented. Inset plot shows a kernel density function for all known from wells.

previously published AFT and ZFT samples. Previously published AFT-ZFT data are from Durrant (1979), Roden and

Miller (1989), Roden (1991), Kohn et al. (1993), Roden et al. (1993), Blackmer et al. (1994), Boettcher and Milliken (1994),

Spotila et al. (2004), Kunk et al. (2005), and Naeser et al. (2016). AHe data are from Spotila et al. (2004) and McKeon et al.

(2014). ZHe data are from Basler et al. (2021). Triassic faults and subcrop and outcrop are after Withjack et al. (1998) and B BACKGROUND

Reed et al. (2005). Outline of interpreted extent of mafic magmatic rocks is from McBride et al. (1989). Updip preserva-

tion limit of Cenomanian-Turonian strata beneath the Atlantic coastal plain of the southeastern United States is after Age and Thermal Maturity of Extensional

Owens and Gohn (1985). FT —fission track; Thermochron.—Thermochronology; * —three samples with ages <80 Ma are Basin Fill

color coded this shade of red. GA—Georgia; SC—South Carolina; NC—North Carolina; VA—Virginia; MD—Maryland;

PA—Pennsylvania; KY —Kentucky.

In the southern portion of the Appalachian oro-

gen (herein, the portion of the orogen extending
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from Virginia to the south), the easternmost exposed
rocks are igneous and metamorphic rocks of the
Appalachian Piedmont province (Fig. 1). The prov-
ince consists of deeply eroded rocks that were
accreted onto the margin of the North American
craton during the Paleozoic and represent part
of the composite Paleozoic orogenic hinterland
(e.g., Hatcher, 1987). Triassic extensional basins
are inset into these rocks (e.g., Olsen, 1997). These
same deeply eroded hinterland rocks inset with Tri-
assic extensional basins extend eastward toward
the continental margin, however they are covered
by a younger Mesozoic-Cenozoic passive-margin
sequence to the east. The updip limit of the passive-
margin strata is the Fall Line.

The age of the basin fill within the Triassic
extensional basins is well studied, at least where
basins crop out or have been cored (e.g., Olsen,
1997, and references therein). The age of the oldest
strata preserved in these basins is ca. 230 Ma. The
youngest preserved strata generally range in age
from 225 to 215 Ma, however the South Georgia
Rift basin contains strata as young as ca. 200 Ma.
VR measurements in Taylorsville, Richmond, Deep
River, and Dan River Basins all indicate elevated
near-surface thermal maturity in these basins
(Fig. 1; Reid and Milici, 2008; Malinconico, 2015).
Moreover, previous workers have reported reset
AFT and ZFT measurements and fluid inclusion—
based analysis of maximum paleotemperatures
from basal strata in the Taylorsville Basin (Roden
and Miller, 1991; Tseng et al., 1996), all of which are
consistent with ~100 °C of cooling from maximum
paleotemperatures. This cooling event has gener-
ally been attributed to kilometer-scale exhumation
(e.g., Tseng et al., 1996).

Mesozoic Volcanism

In the subsurface area around the South Geor-
gia Rift basin, flood basalt and diabase separate
deformed Triassic strata from overlying, flat-lying
passive-margin strata (Fig. 1; McBride et al., 1989).
A regionally extensive seismic reflector has been
interpreted to record the extent of this basalt
(McBride et al., 1989). Well data verify the pres-
ence of the basalt in some locations, although the
degree to which the reflector exclusively indicates
the presence of magmatic rocks has been called into
question (Heffner et al., 2012). A range of whole-rock
“Ar/®Ar plateau and total-fusion ages (236-161 Ma)
was reported for these basalts, with a ca. 183 Ma pla-
teau age appearing to be the most reflective of the
timing of crystallization (Lanphere, 1983). However,
some workers correlate the basalts to a ca. 200 Ma
dike swarm that extends from the South Carolina
Piedmont to the north and to the larger ca. 200 Ma
Central Atlantic magmatic province based on the
geologic context of the samples (Hames et al., 2000;
Olsen et al., 2003; Heffner et al., 2012). Subsequent
phases of intraplate volcanism in approximately
the Late Jurassic and Eocene are also recorded in
the map area, but these episodes were confined to
the northwestern part of the map area in the Appa-
lachian foreland province (e.g., Mazza et al., 2017).

Post-Rift Stratal Packages

Beneath much of the Atlantic coastal plain of the
southeastern United States, the oldest preserved
passive-margin strata date to the middle part of

the Cretaceous, from about Aptian-Albian to about

TABLE 1. WELL INFORMATION

Coniacian-Santonian depending on the location
(Fig. 1, Owens and Gohn, 1985). Age control for
these basal passive-margin strata is commonly
difficult to obtain owing to the fact that they are
coarse grained, nonmarine, lacking in diagnostic
fossil assemblages, and also lacking in volcanic ash
or other material amenable to radiometric dating
(Scholle, 1979). However, older, Tithonian strata
are thought to be preserved beneath the downdip
areas of Cape Hatteras, North Carolina (Brown et al.,
1972; Almy, 1987) and southern Florida (Applegate
et al., 1981) and more widely offshore (Dillon and
Popenoe, 1988). There are limited well penetrations
of downdip stratigraphic sections, but two of the
more distal (groupings of) deep wells are in the
Cape Hatteras area of North Carolina as well as the
area offshore of Georgia (Fig. 1; Table 1).

Thermochronological Records of Post-
Paleozoic Erosion

The ZFT, AFT, and apatite (U-Th)/He (AHe) ther-
mochronometers have been widely applied to
understanding the Mesozoic erosion of the south-
ern Appalachian orogen (Fig. 1). Effective closure
temperatures (at cooling rates of 10 °C/m.y.) for the
ZFT system have been reported as anywhere from
342 to 232 °C (Reiners and Brandon, 2006). Higher
closure-temperature estimates have generally been
obtained for zircon grains lacking radiation damage,
and the wide range is likely a function of the degree
of radiation damage (Rahn et al., 2004; Ketcham,
2016). The AFT thermochronometer has a closure
temperature of ~116 °C (for apatite with average
composition; Reiners and Brandon, 2006). The AHe

Name and no. API Latitude Longitude Total depth  Datum elevation ~ Datum™ Operator

(°N) (°W) (m) (m)
COST GE-1 61-184-00001 30.61889 80.29972 4040 30 KB Ocean Production
Brunswick 1005-1 61-185-00002 30.99278 80.24389 3546 31 KB Transco
Hatteras Light 1 32-055-00001 35.25168 75.52912 3064 7 GL Standard Oil
VAGO-1 n/a 37.60333 7769111 48 77 GL Phillips Coal Company

*KB—kelly bushing, GL—ground level.

Note: API column contains American Petroleum Institute numbers that uniquely identify United States oil and gas wells. n/a—not applicable.

Well locations shown in Figure 1.
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thermochronometer has a closure temperature of
~67 °C at cooling rates of 10 °C/m.y. (Reiners and
Brandon, 2006, and references therein). Recent
work has pioneered the use of the zircon (U-Th)/He
(ZHe) system in the southern part of the Appala-
chian orogen (Basler et al., 2021). At the cooling
rates cited above, the system has a closure tem-
perature of 183 °C (Reiners and Brandon, 2006),
such that it constrains a temperature window that
is between those of the ZFT and AFT systems.

Zircon fission-track ages exhibit a west-to-east
gradient across the Appalachian orogen (Fig. 1). In
the foreland of the orogen, ZFT ages are generally
Precambrian, are generally older than the deposi-
tional ages of the rock, and therefore are generally
unreset (Naeser et al., 2016). In the Blue Ridge prov-
ince, the ages are generally Paleozoic and record in
situ cooling histories. The few reported ZFT ages
in the western Piedmont province appear to record
exhumation during the Alleghanian orogeny in the
Carboniferous—Permian (Kunk et al., 2005; Naeser
et al., 2016). However, farther to the northeast, post-
Alleghanian, Triassic—earliest Jurassic ZFT ages are
reported, both in pre-Mesozoic rocks of northeast-
ern Maryland and southeastern Pennsylvania and
in Triassic strata of Taylorsville Basin in northeast-
ern Virginia (Roden and Miller, 1991). The young
ages to the north (Maryland and Pennsylvania)
are inferred to reflect a thermal overprint owing to
magmatic heating at ca. 200 Ma (northeasternmost
samples on Fig. 1; Kohn et al., 1993), whereas the
Triassic stratal samples were interpreted to record in
situ exhumational cooling in the Taylorsville Basin
(e.g., Roden and Miller, 1991; Tseng et al., 1996).

Similarly to ZFT ages, ZHe ages exhibit a west-
to-east gradient across the orogen at the latitude
of central Virginia (Basler et al., 2021). Whereas the
system is unreset in the distal, undeformed part
of the foreland, it provides a thermochronological
record of Pennsylvanian—-Permian exhumational
cooling in the proximal foreland and in the Blue
Ridge province (Basler et al., 2021). Farther still to
the east, in the Piedmont province, the ZHe system
records in situ cooling in the Jurassic-Early Creta-
ceous (Basler et al., 2021).

Patterns in AFT ages show that post-Paleo-
zoic erosion of the Appalachians has been more

extensive in the interior portions of the orogen,
at least since the Cretaceous. AFT samples from
the west of the modern continental divide (in the
Appalachian foreland basin) are characterized by
a mix of Jurassic and Cretaceous cooling ages
(e.g., Roden, 1991; Roden et al., 1993; Boettcher and
Milliken, 1994; see also Roden and Miller [1989] and
Blackmer et al. [1994] for the area to the north in
Pennsylvania). In combination with the Paleozoic
ZHe ages across a similar area, the AFT data imply
a long period of erosional quiescence in the fore-
land from the end of the Paleozoic to the Jurassic or
Cretaceous (e.g., Basler et al., 2021). To the east of
the continental divide, AFT ages in the Blue Ridge
and Piedmont provinces (and in the northeasterly
portion of the foreland in this study area) are not as
widely reported and are more uniformly Cretaceous
(e.g., Spotila et al., 2004).

The spatial distribution of published AHe ages
is more restricted than that of ages derived from
the fission-track thermochronometers. Data from
the highest-elevation parts of the Blue Ridge in
southwestern North Carolina, near the modern con-
tinental divide, resolve a period of relief generation
that occurred between ca. 120 and 60 Ma but do not
resolve any periods of exceptionally rapid erosion
within that time window (McKeon et al., 2014). Far-
ther to the east in the orogen, Late Cretaceous ages
in the Piedmont province of southern Virginia and
northern North Carolina are generally younger than
ages in adjacent parts of the Blue Ridge uplands,
a pattern which has been interpreted in the con-
text of Cretaceous—Cenozoic westward retreat of
the Blue Ridge province topographic escarpment,
which is thought to have formed at the time of con-
tinental rifting and breakup (Spotila et al., 2004). In
general, published thermochronological data are
much more sparse in the easterly portions of the
Piedmont (Fig. 1).

Bl METHODS
Compilation of Thermochronological Data

We compiled AFT and ZFT data from seven
published reports covering the study area (Roden,

1991; Kohn et al., 1993; Roden et al., 1993; Boettcher
and Milliken, 1994; Spotila et al., 2004; Kunk et al.,
2005; Naeser et al., 2016) and two additional reports
covering the northernmost edge of the map area
in Figure 1 (Roden and Miller, 1989; Blackmer et al.,
1994). We also include eight AFT and six ZFT ages
reported in an unpublished master’s thesis (Durrant,
1979) and cited by subsequent authors (e.g., Gates
and Glover, 1989; Owens et al., 2017). Central ages
are used to represent samples (e.g., Fig. 1) when
those ages were provided by the original author,
generally for samples that do not pass the chi-
squared test of homogeneity. For all other samples,
pooled ages are used. The area of subsurface AFT
and ZFT sampling by Roden and Miller (1991; see
also Tseng et al., 1996; see the previous study site
located in Taylorsville basin) is also noted on Figure
1, although only outcrop samples are displayed on
the map. Other subsurface sample locations from
Appalachian basin (e.g., Blackmer et al., 1994; Reed
et al., 2005) are not shown owing to the high density
of outcrop sample coverage in the foreland. AHe
data were compiled from two additional reports and
represent either average ages (Spotila et al., 2004)
or pooled ages (McKeon et al., 2014), based on the
reporting by the original authors. The locations of
ZHe samples reported by Basler et al. (2021) are also
shown on Figure 1. Samples are color-coded accord-
ing to the age of the youngest replicate. Readers
are directed to these original studies for additional
summaries of the data.

Sampling

Six bedrock samples were collected for ZUPb,
AUPD, ZFT, and AFT analysis at field sites with bed-
rock exposure where large rivers cross the Fall Line,
from the James River in Virginia to the Savannah
River on the border of South Carolina and Georgia
(Figs. 1, 2; Table 2). Five of the samples are from
plutonic rocks and one is from metasedimentary
rocks. The sampling strategy was guided partly by
the fact that bedrock samples were collected along-
side modern river-sediment samples for paired
detrital thermochronologic analysis. The samples
for this study were collected in situ from around the
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Figure 2. Geologic maps of sample sites (blue circles). (A) Map for sample CG18-2, Pennsylvanian-Permian Petersburg Granite, collected along the James River in Richmond, Virginia.
In this panel, faults are extensional, with “D” and “U” marking the downthrown and upthrown blocks, respectively. (B) Map for sample CG18-4, Neoproterozoic metamorphosed
tonalite, collected along the Roanoke River in Weldon, North Carolina. (C) Map for sample CG18-6, Pennsylvanian-Permian granite collected along the Tar River in Rocky Mount, North
Carolina. (D) Map for sample CG18-8, Neoproterozoic-Paleozoic schist collected along the Cape Fear River east of Sanford, North Carolina. (E) Map for sample CG19-1, Pennsylvanian-
Permian Columbia Granite, collected near the Congaree River in Columbia, South Carolina. (F) Map for sample CG18-12, Paleozoic metagranite, collected along the Savannah River in
Augusta, Georgia. Geologic mapping in A is from Marr (2002); geologic mapping in B, C, and D is from North Carolina Geological Survey (1985); geologic mapping in E is from Horton
and Dicken (2001); and geologic mapping in F is from Horton and Dicken (2001) (northeast of river) and Lawton et al. (1976) (southeast of river).
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TABLE 2. SAMPLE INFORMATION

Field ID River Latitude Longitude Elevation Rock unit Rock type Age

(°N) (*W) (m)
CG18-2 James 37.5258 77.4568 13 Petersburg Granite Metamorphosed granite Pennsylvanian—Permian
CG18-4 Roanoke 36.4273 775915 11 Roanoke Rapids terrane Weakly metamorphosed tonalite Neoproterozoic
CG18-6 Tar 35.9612 77.8039 21 Unnamed Weakly metamorphosed granite Permian
CG18-8 Cape Fear 35.4791 78.9307 39 Unnamed Schist Ordovician—Neoproterozoic
CG19-1 Congaree 33.9853 81.0531 80 Columbia Granite Metamorphosed granite Pennsylvanian—Permian
CG18-12 Savannah 33.5481 82.0359 49 Unnamed Metamorphosed granite Ordovician(?)-Devonian(?)

outcrop and aggregated into a composite sample.
This strategy was implemented to obtain apatite
and zircon yields sufficiently large for fission-track
analysis.

U-Pb and Fission-Track Age Determination of
Apatites and Zircons

Mineral separation and geo- and thermochrono-
logic analysis were conducted by GeoSep Services
(Moscow, Idaho, USA). Zircons and apatite grains
were separated from bulk-rock samples using the
following steps: jaw crusher, 300 um sieve, centri-
fuge in a heavy liquid (lithium polytungstate), and
magnetic separator.

Measurement of fission-track cooling age and
track length distributions were conducted follow-
ing methods outlined in Donelick et al. (2005) and
Chew and Donelick (2012). For each sample, 25 zir-
con or 40 apatite grains were analyzed. The grains
were mounted in epoxy, polished, and etched using
5.5 M nitric acid for 20.0 s (+ 0.5 s). Zircons were
etched in a eutectic melt of NaOH + KOH at ~210 °C
(+ 10 °C) for the time necessary to adequately reveal
spontaneous fission tracks intersecting the grain
surfaces. Spontaneous fission tracks intersecting a
measured area of the polished grain surface were
counted using a petrographic microscope. Apa-
tite mounts were then subjected to 25?Cf-derived
fission fragment irradiation and etched again
to reveal confined spontaneous fission tracks
for length measurements. Fission-track lengths
were not measured in zircon owing to the incom-
pletely understood annealing kinetics. For each
apatite sample, ~200 confined track lengths were

measured using a petrographic microscope, as was
the angle of each track to the crystallographic c-axis.
For every apatite grain that was analyzed, maxi-
mum etch pit diameter parallel to the c-axis (D,,,)
was determined. For each spot over which fission
tracks were counted, 28U was measured as a ratio
to a lighter, abundant isotope (**Ca for apatite; °Si
for zircon) by an Agilent 7700x quadrupole induc-
tively coupled plasma mass spectrometer equipped
with a New Wave Nd-YAG 213 nm laser ablation
system at Washington State University Geoanalyt-
ical Laboratory (Pullman, Washington, USA). The
lighter isotopes provide some indication of the vol-
ume of ablated material. A 20-um-diameter ablation
spot was used for apatites, and a 30-um-diameter
ablation spot was used for zircons. The laser out-
put power was set to 8 J/cm and the frequency to
5 Hz, and apatite and zircon ablation pit depths
typically ranged from 16 to 18 ym and 12 to 15
um, respectively. Measurements of 23%U/*Ca and
28/2Si were used to determine fission-track ages
using a zeta-calibration approach with reference to
Durango apatite and Fish Canyon tuff zircon as age
standards (Hasebe et al., 2004; Donelick et al., 2005).

Determination of U-Pb ages was coeval with
the fission-track mass spectrometry. Under the
laser conditions described above, signal data
were collected by scanning repeatedly across the
following isotopic masses for apatite: *Ca, 7Sm,
204pp, 206pp, 207Ph, 232Th, and 2%U. The same isoto-
pic masses were scanned in zircon except that 2Si
was substituted for “Ca. Apatite from the Duluth
Complex (Minnesota, USA; 1099.0 + 0.6 Ma; Paces
and Miller, 1993) and the McClure Mountain syenite
(ca.523.98 + 0.12 Ma; Schoene and Bowring, 2006)
were used as primary and secondary standards.

Zircon from the Duluth Complex (1099.0 + 0.6 Ma;
Paces and Miller, 1993) and the Tardree rhyolite
(ca. 61.23 £ 0.11 Ma; Ganergd et al., 2011) were used
as primary and secondary standards. Five spots
on each standard were analyzed at the beginning
and end of each analytical session. For every ~25—
30 measurements on primary/secondary standards
or unknowns, an additional three measurements
were made both on the FT standard and the primary
U/Pb standard. The data are corrected for common
Pb using the measured atomic mass of 204 amu
(atomic mass units) and assuming the initial Pb con-
centrations from Stacey and Kramers (1975). Ages
for the ratios 27Pb/?*U,, 26Pb/?%U, and 2’Pb/?%Pb
(where 2°U, = 28U/137.88) were calculated for each
data scan and checked for concordance; concor-
dance here was defined as overlap of all three ages
at the 16 level. Data were collected during 30 laser
scans. AUPb analytical methods were similar to
those above and also similar to methods described
by Chew and Donelick (2012).

All ZUPb, AUPb, ZFT, and AFT data are archived
permanently online in machine-readable format
with metadata (Craddock and O’Sullivan, 2021).
All samples were examined using a petrographic
microscope and all zircon slides were imaged using
cathodoluminescence (CL) following the other ana-
lytical work (Figs. 3, 4).

Presentation of Analytical Data

All analytical data are presented in a U.S. Geolog-
ical Survey data release that is permanently archived
online (Craddock and O’Sullivan, 2021). The ZUPb
isotope and age data are displayed on both Wetherill

Craddock et al. | Post-Alleghanian fission-track data from the Fall Line of the southeastern United States
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Figure 3. Petrographic images of sam-
ples. Upper image is in cross-polarized
light; lower image is in plane-polarized
light. Sodium colbaltinitrite staining in
the right two-thirds of the field of view
makes K-feldspar appear tan-yellow in
plane-polarized light. Scale is the same
in all images.

concordia diagrams and weighted average plots
(Fig. 5; Ludwig, 2012; Vermeesch, 2018). Nearly all
zircon grains yielded concordant scans (see Methods
section). Because we consider the concordant scan
data to be better suited for graphical comparison to
ZFT measurements, we use concordant scan data on
the Wetherill plots. For the metasedimentary sample,
the age distribution is shown on a histogram. For
igneous samples, age distributions are shown on
weighted mean age plots, and the weighted mean
age and uncertainty of the analyses interpreted to
reflect crystallization are reported. For samples that
yielded robust AUPb data (igneous samples only),
isotope ratios are displayed on Tera-Wasserburg
concordia diagrams (Fig. 6). Discordia regression

lines generated using the IsoplotR toolbox (Ver-
meesch, 2018) define the cooling age and common
Pb at the time of apatite crystallization (e.g., Chew
and Donelick, 2012). Aimost no apatite analyses
yielded concordant U-Pb isotope ratios. Therefore,
the overall isotope ratio is plotted for each ablation
spot, and we do not present graphical comparisons
of AUPDb versus AFT ages. In the text, all ZUPb and
AUPb age uncertainties are reported at 20, unless
the mean square weighted deviation (MSWD) is >2.5,
in which case the reported error is multiplied by the
square root of the MSWD.

The ZFT data are displayed on plots that show
ZFT age histograms and cross-plots of ZFT versus
ZUPb age on a single display (Fig. 7). We also show

comparisons of ZFT age and effective uranium
(eU =U +0.235 x Th) concentration in insets within
the ZFT plots (Fig. 7A). In many instances, ZFT age
distributions appear to exhibit multiple age modes.
Particularly for plutonic rocks, this suggests the
presence of multiple annealing kinetic populations.
Distinct, very young (<100 Ma) age modes are not
regarded as geologically plausible in this field area
and were thus filtered. Distinct clusters of older ZFT
ages that overlap with, or even pre-date, the paired
ZUPb age were also filtered. We report central ages
for both the filtered and unfiltered age distributions.
In most instances, ZFT ages correlate to eU con-
centration (McDannell et al., 2019) concentration.
This correlation suggests that the annealing kinetics

Craddock et al. | Post-Alleghanian fission-track data from the Fall Line of the southeastern United States
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Figure 4. Cathodoluminescence images of zircon grains from different samples. Uppermost image for each sample shows a representative suite of tens of zircon grains; lower images
show representative grains. Number beside each grain is the laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) spot number. For the bottom images, the
spot ages are given. Scale is variable between images and shown at the bottom of each image. Single spot ages are listed with 16 uncertainties.

in these samples are at least partially dependent
on the degree of grain radiation damage (Rahn
et al., 2004). Notably, grains defining anomalous,
old age modes exhibit the lowest eU values in a
given sample. These grains exhibited eU of less
than ~100-170 ppm depending on the sample. Like-
wise, grains defining anomalous, young age modes
exhibited higher eU values, with grains with eU >
650 ppm nearly always being part of an older mode.
Filtering of ZFT age distributions is discussed more
on a case-by-case basis.

For AFT data, radial plots and track-length his-
tograms were constructed to show single-grain
age and track length distributions for each sample
(Figs. 7B, 7C; Galbraith, 1988, 1990, 2005; Ver-
meesch, 2009). None of the samples pass a y? test,

so we report central ages (with two-standard-error
uncertainties) for each sample (Galbraith, 1981,
2005; Vermeesch, 2009; Hasebe et al., 2013). Mix-
ing calculations (Vermeesch, 2009) were used to
identify possible multiple kinetic populations within
samples. Although the samples are statistically
inconsistent with a singular age value, most sam-
ples appear to record a common thermal history. In
addition to the possibility of multiple kinetic popu-
lations in the ZFT samples, as described above, age
dispersion in both the apatites and the zircons may
also reflect incomplete laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS)
measurements of uranium (and/or thorium) concen-
tration due to unrecognized U zoning in some grains,
(e.g., Vermeesch, 2017; Cogné and Gallagher, 2021).

Modeling of Thermal History

Inverse models are presented for all of the
plutonic samples in this study (samples CG18-2,
CG18-4,CG18-6,CG19-1, and CG18-12; see Table 3).
Owing to the unusual apatite chemistry (very low
eU concentrations; see Results below), the one
metasedimentary sample (CG18-8) was not mod-
eled. The models were constrained using ZFT ages,
AFT ages, and AFT lengths. The filtered ZFT distri-
butions that best reflect in situ cooling were used
as model constraints. For one sample (CG18-6),
bimodal AFT age distributions are separated on
the basis of D,,, (Burtner et al., 1994). Filtering of
the ZFT and AFT age data is discussed in additional
detail on a case-by-case basis in the Results section.
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Figure 5. Concordia plots for all zircon U-Pb isotope ratio determinations. For igneous samples, concordia plots are paired with weighted
mean age calculation plots; for sedimentary sample CG18-8, concordia plots are paired with zircon U-Pb age histograms. In weighted
mean age plots, n is the number of single grain age use for the age calculation (numerator) as well as the total number of single grain
measurements (denominator). In the age histogram, n is simply the number of single grain ages shown on the plot. On weighted mean
age plots N along the horizontal axes gives a count of the number of ages used in the weighted mean age calculation. All plots were
generated in IsoplotR (Vermeesch, 2018). MSWD —mean squared weighted deviation, R.—River. Errors in ages on weighted mean age
plots are, in order, 16, 20, and 26 x \MSWD. (Continued on following page.)

Craddock et al. | Post-Alleghanian fission-track data from the Fall Line of the

GEOSPHERE | Volume 18 | Number 4 i Sy e



http://geosphere.gsapubs.org

Research Paper

CG18-8 schist, arkose protolith, Cape Fear R.

® < - _
S -
© 1000
S -
o _— - _
s
2 ° 800 »
8 o
ﬁ S ] PN
8 o
S 2
g
e} ~
o
2 -
©
S |
(=] s n=25
T T T T T T T T 1
0.5 1.0 1.5 2.0 300 400 500 600 700
207ppy/235( Age (Ma)

CG19-1 metamorphosed granite, Congaree R. Mean = 296.65 * 2.55 |6.23| 10.47 Ma (n = 7/15)

° MSWD = 2.82, p(x?) = 0.0096
S S -
(2]
o ] o
o ; -
3
. o
29’3 =] gg i
L~ —
0 o =
& <] S -
S < 400 » < S
S ] § i
3
S E |
<
svr ., —— T
03 04 05 06 07 08 N S
207Pb/235U
CG1 8-12 metamorphosed granite, Savannah R. wean = 298.98 + 2.09 |4.61| 14. 36 Ma = 12/22)
pug 6004 o MSWD = 9.70, p(x
| |:|
- g
g | 500 » J S - |:|
o
o
= — 8 .
2 g 40&@'3’ § |_| |_|
8 31 = 8 | D
o] % ~N
& <
N g 8 i,
S o
200 » N
N o
S £ N
I. T T T T T T T r T T T T T T T T T T 1
01 02 03 04 05 06 07 08 123456 ,\; 8 9 101112

207Pb/235U

Figure 5 (continued). Concordia plots for all zircon U-Pb isotope ratio determinations. For igneous samples, concordia plots are
paired with weighted mean age calculation plots; for sedimentary sample CG18-8, concordia plots are paired with zircon U-Pb
age histograms. In weighted mean age plots, n is the number of single grain age use for the age calculation (numerator) as well
as the total number of single grain measurements (denominator). In the age histogram, n is simply the number of single grain
ages shown on the plot. On weighted mean age plots N along the horizontal axes gives a count of the number of ages used in
the weighted mean age calculation. All plots were generated in IsoplotR (Vermeesch, 2018). MSWD —mean squared weighted
deviation. Errors in ages on weighted mean age plots are, in order, 10, 20, and 26 x YMSWD.
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Figure 6. Tera-Wasserburg concordia plots for apatite U-Pb isotope ratio determinations. Open circles show samples not included in regressions.
The x-intercept of the regression line shows apatite U-Pb cooling age, and y-intercept shows common Pb isotope ratios at the time of crystalli-
zation. All plots were generated in IsoplotR (Vermeesch, 2018). MSWD —mean squared weighted deviation, R.—River. Errors in ages on weighted
mean age plots are, in order, 16, 26, and 26 x YMSWD. The third error is not given for sample CG18-6 owing to the MSWD <1. (27Pb/2%Pb), is the
common lead isotope ratio at the time of crystal formation. Given errors are 10 and 26. Grey envelopes around regression line are 2¢ error enve-
lopes. Grey envelopes around mean age on weighted mean plots show 2¢ errors.
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Figure 7. Apatite and zircon fission-track (AFT and ZFT, respectively) data. The left-hand column contains histograms showing ZFT age distributions. Bin width is 25 m.y.
Histogram is superimposed over plot of zircon U-Pb (ZUPb) versus ZFT measurements for each single grain. The horizontal error bars on the cross plot are two standard
errors. No errors are shown for the ZUPb ages because they are small relative to the size of the points on the graph. Closed circles represent ages that are interpreted to
record in situ cooling and are used in filtered central age calculation; open circles represent either high effective uranium (eU), anomalously young single-grain ages, or
low-eU grains that overlap the paired crystallization age measurement. Inset plots show ZFT age versus eU. The middle column contains radial plots showing AFT age
data. Plots are constructed using a logarithmic transformation centered on 120 Ma. Lines from origin to right-hand age axis indicate either the central age (one line only)
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the magnitude of the 2 standard error envelope. The right-hand column contains histograms showing AFT track-length distributions. s.d. is the standard of the fission
track length distribution. R.—River. All plots were constructed in RadialPlotter version 9.5 (Vermeesch, 2009). (Continued on following page.)
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TABLE 3. DESCRIPTION OF INVERSE AND FORWARD TIME-TEMPERATURE MODELS

1. Thermochronologic and thermal maturity data

Data used in simulations

Inverse Forward Data source*
AFT ages X X 1
AFT lengths X X 1
ZFT ages X X 1
VR X 2

Data treatment, uncertainties, and other relevant constraints
AFT samples are divided into multiple kinetic populations if:
(1) mixture calculations indicate multiple sample modes; and

(2) the age dispersion correlates to Dy,,.

ZFT raw age distribution is filtered to reflect only grains with typical uranium concentrations.

2. Additional geologic information

Assumption

Explanation

Initialization at 700 + 100 °C at time of zircon U-Pb age

Intermediate cooling through 570-375°C

Near-surface temps and reheating; Permo-Triassic

3. System- and model-specific parameters

Crystallization temperature of granite

Pb partial retention zone for AUPb system; robust AUPb ages only

Regional Triassic basins, possibly superimposed magmatic heating

AFT kinetic model: Ketcham (2016).
ZFT kinetic model: Ketcham et al. (2007).

VR kinetic model: Sweeney and Burnham (1990) model of maximum VR.
Statistical fitting criteria: acceptable—all GOF statistics >0.05; good—mean GOF statistic >0.5, all GOF stats 1/(N + 1) where N is number of GOF stats.
Modeling code: HeFTy version 1.9 (Ketcham, 2016).

Number of time-temperature paths attempted: 10,000 for inverse models.
Time-temperature path characteristics: halved twice; monotonic consistent; episodic for Mesozoic heating and cooling, gradual for others.

*1—this study; 2—adapted from Malinconico (2015).
AFT—apatite fission track, AUPb—apatite U/Pb, ZFT—zircon fission track, VR—vitrinite reflectance, D,,—maximum etch pit diameter parallel to the

crystallographic c-axis, GOF—goodness of fit.

The inverse models initialize at a temperature
of 700 + 100 °C at the approximate crystallization
age of the pluton as recorded by the ZUPb data.
For three samples that yield robust AUPb ages that
are reconcilable with ZUPb data (samples CG18-2,
CG18-4, CG18-12), we force the models through the
apatite Pb partial retention zone (PbPRZ), which is
375-570 °C (Cochrane et al., 2014), at the time of
the AUPDb cooling age. A phase of exhumational
cooling to near-surface temperatures by ca. 230 Ma
(the timing of the earliest sediment accumulation
in the Triassic basins of the region) is imposed on
the models. The models then require heating at the
time of Triassic sedimentation (ca. 230-215 Ma) and

subsequent exhumational cooling, with potential
for a wide range of maximum paleotemperatures
and for the heating-cooling transition to occur
within a broad time window. Present-day tempera-
tures are estimated to be 10 + 10 °C.

The ZFT and AFT annealing kinetics of Ket-
cham (2016; see also Yamada et al., 2007) and
Ketcham et al. (2007), respectively, are used in
the models. The zircon annealing kinetics model
was developed for zircons with some radiation
damage from spontaneous fission tracks and
should therefore be more appropriate than other
extant models for undamaged zircon (e.g., Rahn
et al., 2004). The selected ZFT kinetic model has a

predicted closure temperature of 282 °C at cooling
rates of 10 °C/m.y. All paths between constraint
boxes in time-temperature space were halved twice
and treated as “monotonic consistent” (e.g., no
cooling path segments when a phase of heating is
prescribed in time-temperature space). The initial
Paleozoic cooling phases are treated as gradual.
Owing to the possibility of magmatic heating that
may or may not have been superimposed over
burial heating in the Mesozoic (e.g., Kohn et al.,
1993), the randomization style was set to episodic
for the Mesozoic portion of the model phase.

A model is considered “good” if two conditions
are met. First, the mean goodness of fit (GOF) value

Craddock et al. | Post-Alleghanian fission-track data from the Fall Line of the southeastern United States
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must be at least 0.5. Second, the minimum GOF
value must be greater than 1/(N + 1), where N is
the number of GOF tests that were run. A model is
considered “acceptable” if all GOF values are >0.05
(Ketcham, 2016). The models were iterated until
they identified 20 good time-temperature paths.

In addition to the inverse modeling described
above, a suite of forward time-temperature models
for sample CG18-2 (James River) is presented. The
site from which this sample was taken is the best
constrained, overall, in terms of thermal maturity
data (e.g., Durrant, 1979; Tseng et al., 1996; Malin-
conico, 2015; this study) and has a clear spatial
association with a Triassic basin (Fig. 2). The design
of this model is similar to that of the inverse models
(e.g., see Table 3). However, it is specifically designed
to evaluate the degree of heating that occurred in the
Triassic Period. Because the model involves more
geological interpretations and assumptions, it is
presented in the Discussion section.

B RESULTS

Sample CG18-2: Metamorphosed Granite,
Petershurg Granite, James River, Virginia

Sample CG18-2 was collected where the James
River crosses the Fall Line in Richmond, Virginia, from
a Carboniferous—Permian metamorphosed granitic
pluton called the Petersburg Granite (Figs. 2, 3). The
pluton is bordered to the west by Richmond Basin and
to the east by Cretaceous—-Cenozoic passive-margin
deposits (Fig. 2). The preserved portion of Richmond
Basin is bound by steeply dipping normal faults
(Schlische, 2003). The youngest preserved strata in
Richmond Basin are Carnian. They are slightly older
than the youngest preserved strata in basins along
strike to the north and south (e.g., Taylorsville Basin,
Deep River Basin), which are Norian (Olsen, 1997).
Malinconico (2015) reported VR measurements of
0.69% in the VAGO-1 core at ~60 m depth in por-
tions of Taylorsville Basin along structural strike to
the north and documented ~1-3 km of post-Triassic
erosion based on VR versus depth relationships.

Most zircon grains from this sample are
euhedral and elongate with aspect ratios of ~4:1.

Post-analysis CL imaging demonstrates that all
grains exhibit oscillatory zoning and are similarly
bright in CL (Fig. 4). A subset of grains have rims
that are darker in CL and more strongly etched.
The darker rims do not embay cores, suggesting
the zoning is magmatic rather than reflecting later
replacement. This interpretation is supported by the
fact that most ZUPb isotope ratio values overlap
with the concordia line at 26. The sample yields a
weighted mean zircon 2°Pb/?*8U age of 303 + 5 Ma
that we interpret to reflect the timing of crystal-
lization (Fig. 5). This is consistent with geologic
mapping (Marr, 2002). It is also in reasonably good
agreement with the ages determined by chemical
abrasion-thermal ionization mass spectrometry of
296 Ma from the same outcrop and 300 Ma for an
outcrop ~20 km to the west (Owens et al., 2017).
The single-grain AUPb data clearly define a discor-
dia line and suggest cooling through the PbPRZ
at ca. 254 + 16 Ma (Fig. 6). The data also suggest
a common 27Pb/?®Pb ratio of ~0.8 at the time of
crystallization, which is close to lead isotope ratios
measured in low-uranium minerals that formed in
the late Paleozoic (Stacey and Kramers, 1975).

The sample yields a unimodal ZFT age distri-
bution (Fig. 7) with a central age of 197 + 22 Ma.
Owing to the unimodal character of the ZFT age
distribution, no single grain age measurements
were filtered. The AFT age distribution exhibits a
central value of 133.5 + 5.5 Ma (Fig. 7). The mean
track length is 13.45 + 1.57 ym. The ZFT and the
AFT age and length distributions were used in the
inverse and forward modeling, and none of the
data were filtered or subdivided into kinetics pop-
ulations for this purpose.

Sample CG18-4: Metamorphosed Tonalite,
Roanoke Rapids Complex, Roanoke River,
North Carolina

Sample CG18-4 is a weakly metamorphosed
tonalite that was collected where the Roanoke River
crosses the Fall Line near the towns of Weldon and
Roanoke Rapids in North Carolina (Figs. 2, 3). The
rock unit has been mapped as part of the Roa-
noke Rapids terrane (North Carolina Geological

Survey, 1985; Weems et al., 2009). Typical zircon
grains from this sample are euhedral and equant
with aspect ratios of ~2:1. Post-analysis CL imag-
ing demonstrates that the vast majority of grains
show similar brightness in CL and exhibit oscilla-
tory, but broad, bands of CL zoning (Fig. 4). A small
subset of grains (<5%) are anomalously bright in
CL. Twenty-two (22) of 25 analyses are distributed
across an ~100 m.y. range, from 535 to 628 Ma.
Given their consistent CL characteristics and the
relatively low precision of the ages, we interpret
these analyses to reflect a single age of zircon crys-
tallization and calculate a weighted mean age of
585 + 11 Ma (Fig. 5). We consider the pluton to be
approximately Ediacaran, and additional work is
required to further refine this age. The Ediacaran
age is consistent with the age constraints summa-
rized by Hibbard et al. (2002). Two anomalously
bright CL grains yield young Silurian ages and
likely reflect metamorphic growth. A single age
of ca. 938 Ma is interpreted to reflect inheritance.
The AUPb lower intercept age is imprecise (590
+ 104 Ma) but also approximately Ediacaran (Fig. 6).
The overall ZFT age distribution has a central
value of 292 + 20 Ma (Fig. 7). On the age histogram,
three grains appear to define a distinct, older age
mode that is Neoproterozoic or earliest Palezoic and
overlapping with paired ZUPb age measurements.
We filter out these three single grain ages and also
note that they exhibit low eU values as described
above (75, 91, and 170 ppm). The remainder of the
ZFT age distribution is fairly homogeneous, younger
than paired ZUPb measurements, and yields a cen-
tral age of 265 + 13 Ma. For these reasons, the three
older, outlying grains are excluded from inverse
modeling. The AFT age distribution yields a cen-
tral value of 154.6 + 9.4 Ma and does not obviously
reflect a mixture of multiple age modes. The apatite
fission tracks are shorter than at the James River
site, with a mean track length of 13.25 + 1.65 pm.

Sample CG18-6: Carboniferous—Permian
Granitic Pluton, Tar River, North Carolina

Sample CG18-6 is a weakly metamorphosed
granite sample that was collected near where the
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Tar River crosses the Fall Line in the town of Rocky
Mount, North Carolina (Figs. 2, 3). An age of 320-
270 Ma, or approximately Carboniferous-Permian,
is assigned to the pluton (North Carolina Geolog-
ical Survey, 1985), and an earliest Carboniferous
(345 Ma) Rb-Sr age has been reported (Gay, 2004).
Typical zircon grains from this sample are euhe-
dral and elongate with aspect ratios of ~4:1. The
vast majority of these grains are dark in CL and
are strongly etched in ZFT mounts, though rare
bright CL grains are present (Fig. 4). Zircon U-Pb
ages in our sample broadly define two age distri-
butions, one from 317 to 264 Ma (n = 11) and an
older distribution defined by fewer grain analyses
from 519 to 487 Ma (n = 4) (Fig. 5). There is no
obvious relationship between CL response, grain
morphology, and age. Previous interpretations of
the composition and of Nd, Sr, and Pb isotopic data
of Carboniferous-Permian plutons suggest that
they are derived from anatexis of crustal material
(Samson et al., 1995). In light of these interpreta-
tions, we consider the younger age distribution to
be representative of the approximate crystallization
age (weighted mean zircon 2°°Pb/?*®U age of ca. 280
+ 11 Ma), with the older population representing
xenocrystic material. The sample yields an AUPb
age of ca. 333 = 17 Ma (Fig. 6). This age is slightly
older than the ZUPb age but is broadly consistent
with rapid cooling to below the closure tempera-
ture for Pb diffusion in apatite following intrusion.

The sample ZFT age distribution exhibits a
central value of 210 + 35 Ma (Fig. 7). However,
the ZFT age distribution is clearly heterogeneous.
The largest cluster of ZFT cooling ages is between
201 and 142 Ma. These ages are younger than
paired ZUPb measurements and broadly similar
to the in situ ZFT ages at the two sites to the north.
Although there is a limited number of single grain
ZFT ages, the sample appears to exhibit two other
age modes, a <100 Ma mode defined by two grains
and an older mode defined by grains with ZFT
ages similar to or older than paired ZUPb mea-
surements. Notably, the two young grains exhibit
some of the highest eU values measured in this
study (687 and 735 ppm). The youngest age mode
is defined by six of the seven grains with the low-
est eU values of the sample, which generally are

<170 ppm. The AFT age distribution is also hetero-
geneous, with a central value of ca. 80 Ma. About
83% of grains define an age mode around 99.3
+ 1.9 Ma, and the remainder define a younger late
Cenozoic age mode. Apatite fission tracks in this
sample are shorter than at other sites (12.69 um)
and show a high degree of dispersion (standard
deviation of 1.74 ym) compared to other samples
in this study.

Sample CG18-8: Neoproterozoic—Cambrian
Schist, Cape Fear River, North Carolina

Sample CG18-8 was collected where the Cape
Fear River crosses the Fall Line to the east of the
major Triassic extensional Sanford Basin (Fig. 2).
Bedrock here is Neoproterozoic-Cambrian schist
and gneiss (Fig. 3; North Carolina Geological Survey,
1985). The sample is a plagioclase-quartz-mica-
garnet schist. Typical zircon grains from this sample
are equant, have irregular morphology, and are
bright in CL and exhibit oscillatory zoning (Fig. 4).
The sample exhibits a broad ZUPb age distribution
between 567 and 460 Ma (Fig. 5). It also exhibits two
concordant ages of ca. 350 Ma, which may record
the growth of metamorphic zircon. The youngest
age population defined by more than two grains
has a weighted mean age zircon 2°°Pb/8U of ca.
485 Ma, and this is interpreted to be the maximum
depositional age for this unit (Dickinson and Geh-
rels, 2009).

The ZFT age distribution is heterogeneous, likely
characterized by at least two distinct groups of
grains (Fig. 7). There is a gradation between low-eU
grains whose ZFT ages clearly reflect the crystalliza-
tion ages of detrital zircons versus higher-eU grains
whose ZFT age reflects exhumational cooling, so
rather than visually differentiating between these
two groups, we define a cutoff of 125 ppm eU based
on age-eU relationships observed in other samples.
The younger of the two age distributions, which is
defined by ~50% of the total grains, exhibits an age
mode of 272 + 23 Ma. The older, low-eU grains are
excluded from inverse modeling.

Overall, sample CG18-8 exhibits a central AFT
age of 40 + 17 Ma. However, the age distribution

is clearly bimodal, with an older age mode of 126
+ 15 Ma and a younger mode that is 5.0 = 0.9 Ma.
The grains also exhibit some unusual composi-
tional attributes. Twenty-one (21) grains exhibit eU
concentration of <1 ppm. Ten (10) of these 21 grains
exhibit AFT ages of 0 Ma. Most of the remaining 19
grains have low eU concentrations (16 grains with
eU of 1-10 ppm), and three have higher uranium
concentrations. The grains are also characterized
by very low D,,,, with a mean value of 1.63 um. The
sample exhibits fission tracks that are relatively
long in the context of the overall sample set, with
a mean value of 13.54 + 1.58 ym. Owing to the
anomalous low eU concentrations and D,,, of the
apatite analyses and the numerous grains with no
spontaneous fission tracks, we do not present an
inverse thermal model for this sample.

Sample CG19-1: Columbia Granite, Congaree
River, South Carolina

Sample CG19-1 was collected near the Fall Line
of the Congaree River from a metamorphosed gran-
ite pluton (Figs. 2, 3). Typical zircon grains from
this sample are euhedral with aspect ratios of ~3:1.
The majority of these grains are dark in CL and are
strongly etched in ZFT mounts (Fig. 4). A subset of
grains has bright-CL cores. In addition to regional
evidence for derivation of Carboniferous—Permian
plutons from melting of continental crust (Sam-
son et al., 1995), ZUPb isotope ratios from nearby
plutons in the South Carolina Piedmont as well
as across the Georgia Piedmont show evidence
for significant incorporation of xenocrystic zir-
cons (Dallmeyer et al., 1986; Mueller et al., 2011).
Our sample yielded a range of ZUPb ages, with a
younger age distribution of ca. 341-281 Ma and an
older age distribution of ca. 579-432 Ma (Fig. 5).
There are no obvious relationships between CL
response, grain morphology, and age. From the
younger age distribution, we calculate a weighted
mean 28U/2%Pb age of 297 + 10 Ma, which overlaps
with a Rb-Sr age of 285 + 7 Ma (10) reported for the
pluton (Fullagar and Butler, 1979). Following pre-
vious geochronologic studies in this province, we
assume that the older ages are xenocrystic.
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The overall ZFT age distribution exhibits a very
young central age of 122 + 15 Ma. However, there
is clearly a distinct, young ZFT age mode (Fig. 7).
Although the young distribution includes grains
with very high eU concentrations (737, 1227 ppm),
it also includes grains with eU concentrations
down to 241 ppm. These younger high-eU grains
are excluded from inverse modeling, and the fil-
tered ZFT age distribution exhibits a central age of
184 + 11 Ma. The AFT age distribution is relatively
homogeneous, yielding a central age of 104 + 5 Ma.
The sample exhibits apatite fission tracks with a
mean value of 13.52 + 1.43 ym, making it similar
to most of the samples to the north.

Sample CG18-12: Unnamed Gneiss, Savannah
River, South Carolina—Georgia

Sample CG18-12 was collected near the Fall Line
of the Savannah River from a metamorphosed and
sheared granitic rock that is mapped as being part
of a unit of undifferentiated Precambrian-Paleozoic
gneisses, schists, granites, and phyllites (Figs. 2, 3;
Lawton et al., 1976). Typical zircon grains from this
sample are subhedral, bright in CL images, and
exhibit oscillatory zoning (Fig. 4). Several grains
have bright-CL cores that appear to have been
fractured and healed by dark-CL zircon. Like the
other Pennsylvanian-Permian pluton samples from
the Carolinas, the ZUPb ages are highly heteroge-
neous. The sample exhibits two distributions of
concordant ages of 440-400 Ma and 340-240 Ma
(Fig. 5). Similarly to other samples, we interpret the
older ages to be from xenocrystic zircon and the
younger ages to reflect the time of crystallization.
The young ages yield a weighted average 2°°Pb/2%U
age of 299 + 14 Ma, which we interpret to be the
approximate crystallization age. The AUPb inter-
cept age is ca. 240 Ma (Fig. 6).

The ZFT age distribution of this sample is het-
erogeneous (Fig. 7). Most single-grain ages cluster
near the central age of 140 + 15 Ma. However,
similarly to samples described above, anoma-
lous young and old age distributions are evident.
These age distributions include grains that exhibit
the highest and lowest eU values of the sample

and they are filtered. The central age of the filtered
ZFT is 159 + 9 Ma. The AFT age distribution is also
highly dispersed but does not clearly exhibit multi-
ple age modes. It has a central value of 130 + 34 Ma
that is similar to that of other samples in this study.
The sample exhibits a mean fission-track length of
13.24 + 1.69 uym that is intermediate between values
measured at other sites to the north.

Inverse Modeling

Each of the five igneous samples is com-
patible with a thermal history involving rapid
cooling (>10 °C/m.y.) from pluton-emplacement
temperatures to near-surface temperatures by
the Triassic, reheating starting in the Triassic
(>10 °C/m.y.), and rapid Jurassic-Early Cretaceous
cooling (1-10 °C/m.y.) followed by slower cooling
(~1 °C/m.y.) (Fig. 8). The models indicate Triassic—
Jurassic heating to temperatures of >300 °C,
although there are tradeoffs between the maxi-
mum paleotemperature and the time at which it
occurred. Lower maximum paleotemperatures
(e.g., 300-250 °C) are in some cases permissible
for models that achieve maximum paleotempera-
tures later in time (e.g., in the Early Cretaceous as
opposed to the Triassic or Jurassic). From north to
south, the models indicate cooling below 282 °C
(approximate closure temperature of ZFT) mostly
in the Jurassic. Based on good model fits, this
occurs between ca. 200 and 150 Ma at the James
River site (sample CG18-2), between ca. 230 and
160 Ma at the Roanoke River site (CG18-4), between
ca. 200 and 140 Ma at the Tar River site (CG18-6),
between ca. 190 and 140 Ma at the Congaree River
site (CG19-1), and between ca. 180 and 140 Ma at
the Savannah River site (CG18-12). From north to
south, based on good model fits, cooling below
116 °C (approximate closure temperature of AFT)
occurs in the Jurassic (for northern sites) or slightly
later in the Early Cretaceous (for southern sites),
with the transition to slower cooling rates lagging
by tens of millions of years. Specifically, this occurs
at 160-140 Ma (sample CG18-2; James River),
180-150 Ma (CG18-4; Roanoke River), 120-90 Ma
(CG18-6; Tar River), 130-100 Ma (CG19-1; Congaree

River), and 150-120 Ma (CG18-12; Savannah River).
This north-south gradient in cooling is also mir-
rored by the empirical AFT ages. All sites indicate
residence below ~80 °C since 80 Ma (and all but
sample CG18-6 [Tar River] since 120-100 Ma) and
slower cooling in that time window. The Tar River
(sample CG18-6) model indicates a phase of accel-
erated cooling in the Neogene.

H DISCUSSION
Forward Model of Time-Temperature History

The early Mesozoic paleotemperatures caused
by Triassic-Jurassic heating for sample CG18-2
(Petersburg Granite, James River, Virginia) in the
inverse model (Fig. 8) are 300 °C or more. Although
some burial heating in the proximal hanging wall of
the Richmond Basin bounding fault system seems
likely, the modeled temperatures are incongruent
with shallow VR measurements (sample depths
of hundreds of meters) in the Richmond Basin of
~0.7%. These VR measurements indicate Triassic
peak burial temperatures on the order of 100 °C
(Malinconico, 2015) and therefore limit post-Triassic
cooling to <100 °C (see also Roden and Miller [1991]
and Tseng et al. [1996] studies of Taylorsville Basin).
Triassic-Jurassic paleotemperatures of >300 °C
are also indicated for other sites to the south, and,
although the thermal histories of those sites are
not as well constrained, this magnitude of heating
does not seem congruent with published VR data
to the south (e.g., Reid and Milici, 2008).

To better reconcile the fission-track and VR
observations, we constructed a suite of forward
models for sample CG18-2 (Fig. 9) that is similar
to the inverse models in terms of the overall pat-
terns of cooling and heating through time (Table 3).
The forward models differ from the inverse models
in that they are designed to explore five different
magnitudes of Triassic heating, ranging from 360 °C
down to 120 °C in 60 °C increments, while holding
all other aspects of the thermal history equal. The
range of maximum paleotemperatures reflects the
fact that for hold times of 1-10 m.y. and at relevant
heating rates, most inherited zircon fission tracks

Craddock et al. | Post-Alleghanian fission-track data from the Fall Line of the southeastern United States



http://geosphere.gsapubs.org

Jur. E.KL.K.

GEOSPHERE | Volume 18 | Number 4

100

200
300
400
500
600
700
800

Temperature (°C)

n =5,410,408)

Figure 8. Inverse models of time-
temperature history recorded by the
samples. Models are constrained by
zircon fission-track (ZFT) age and apa-
tite fission-track (AFT) age and length
data. Constraints in time-temperature
space are given in Table 3. Pink paths are

300 250 200 150 100 50 O
Time (Ma)

E.KL.K.

600 550 500 450 400 350 300 250 200 150 100 50 O
Time (Ma)
Jur. E.KL.K. Jur.

100
200
300
400
500 | (MMM R -
sool 1 : -
700 § | .

800

Temperature (°C)

good time-temperature paths, whereas
the green paths are acceptable time tem-
perature paths (see text for definitions of

E.KL.K. “good” and “acceptable”). The blue, dark

- ’CGTQ 1 1 T
er (n :52,063)| B avannah'Ri

ongal

gray, and light gray bars show the Ju-
L rassic (Jur.), Early Cretaceous (E.K.), and
Late Cretaceous (L.K.), respectively. The
-t red lines show the closure temperatures
ffffff P---- (T,) for ZFT and AFT. All models were

' generated in HeFTy version 1.9 (Ketcham,
] 2005). Number of model iterations to ob-
' tain 20 good model fits is indicated along
with sample number label.

300 250 200 150 100 50 0
Time (Ma)

are annealed at maximum burial temperatures of
~300 °C or more given the ZFT annealing kinetics
described above (see also Reiners and Brandon,
2006). However, at lower maximum paleotempera-
tures, the ZFT system is only partially reset, with
fission-track annealing occurring at temperatures
as low as 170 °C or lower (Reiners and Brandon,
2006). Thus, the forward models evaluate the
degree to which partial resetting of the ZFT sys-
tem is applicable to the field site of this sample.
Like the inverse models, the forward models
involve (1) cooling to near-surface temperatures by
ca. 250 Ma, (2) heating starting at 230 Ma (the time
of earliest sediment accumulation in Richmond and
Taylorsville Basins), (3) a transition from heating
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Time (Ma)

to cooling at 200 Ma (a time that should be con-
sidered approximate given the inverse modeling
and the variability of reported ZFT ages around the
CG18-2 site; see Durrant, 1979; Roden and Miller,
1991; Fig. 1), (4) rapid cooling to below the AFT
closure temperature until 120 Ma, and (5) slower
cooling after 120 Ma. The forward model predicts
VR (mean maximum reflectance through 360° rota-
tion under polarized light) using a kinetic model
(Sweeney and Burnham, 1990; called “EASY%Ro").
Whereas the granite sample lacks any vitrinite, the
VR prediction could be thought of as pertaining
to Triassic strata that would have likely covered
the Petersburg Granite, or else to vitrinite-bearing
strata at an equivalent structural depth.
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Time (Ma)

Only the model scenario involving maximum
paleotemperatures of 360 °C (and thus complete
resetting of the ZFT system) yields ZFT ages that
are comparable to the empirical data based on the
fitting statistics in the model. ZFT ages in all other
forward model scenarios are too old (Fig. 9). The
forward model scenarios involving Triassic burial
heating to 360-240 °C predict AFT age and length
values that are similar to empirical measurements.
However, they also predict VR values (4.7%-3.4%,
respectively) that are much higher than measured
values in the preserved, albeit shallow, strata in
Richmond Basin and also higher than those of
recycled vitrinite in Cretaceous strata offshore of
the Georgia coast, which mostly range from 0.7%
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Figure 9. Forward model suite for sample CG18-2, collected near Richmond, Virginia, where the James River crosses
the Fall Line. Model is designed to evaluate the optimal magnitude of Triassic burial heating. Table to the right com-
pares five different maximum Triassic burial scenarios to empirical data. The model was generated in HeFTy version
1.9 (Ketcham, 2005). See text for additional details. Pz.—Paleozoic; Jur.—Jurassic; K.—Cretaceous; Cz.—Cenozoic; ZFTA,
AFTA—zircon and apatite fission-track age, respectively; AFTL—apatite fission-track length; SD —standard deviation;

VR —vitrinite reflectance.

or minus tens of degrees) would seem to be the
optimal scenario.

The thermal maturities implied by the empir-
ical ZFT and VR data could be reconciled if the
annealing kinetics model were underestimating
the degree of fission-track annealing in the upper
part of the ZFT partial annealing zone (PAZ), per-
haps owing to a high degree of radiation damage

CO\S/’;(?/E)_1 1/?:{0&1) in these zircons (e.g., Rahn et al., 2004). Never-
0.1 ° 0.1 1 theless, given an array of annealing kinetics in
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500 are inversely correlated to the eU concentration
of the grain. Thus, at least conceptually, the dis-
1000 1000 persed ZFT age distributions are compatible with
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sus borehole depth in wells offshore of  pyrial heating even if the model ages exceed the
1500 1500 Georgia (see Fig. 1 for well locations). measured value
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= from the U.S. Bureau of Ocean Energy We propose that a thermal history similar to that
€ *% Management. Recycled vitrinite dataare ~ of the forward model for sample CG18-2 (the 180 °C
= 2000 o 2000 limited to peaks defined by 10 or more  purial scenario) would be broadly applicable to the
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3000 3000 PRU—post-rift unconformity. difference is that the sites to the south may exhibit
LC@' slightly later cooling through the AFT closure tem-
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3500 3500 © Although the James River site (sample CG18-2) is
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the generally high degree of ZFT age dispersion
at the southern sites is consistent with a history of
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prolonged holding in the ZFT PAZ, and the implied
thermal maturity of Triassic basins is also consis-
tent with recycled VR offshore as described above.

In general, we attribute most of the rapid
Jurassic-Early Cretaceous cooling to exhuma-
tion. This interpretation is suggested by the lack
of a preserved Jurassic-Early Cretaceous section
beneath onshore areas of the Atlantic margin
(e.g., see Cenomanian-Turonian onlap on Fig. 1;
earlier Cretaceous and Jurassic onlap occurs farther
downdip). Across most of the field area discussed
in this paper, the oldest post-Triassic strata pre-
served below the updip portions of the coastal plain
are approximately Coniacian-Santonian (Owens
and Gohn, 1985), although there are Cenomanian-
Turonian strata preserved beneath portions of the
northern Virginia coastal plain (Fig. 1; Owens and
Gohn, 1985). These observations are consistent
with latest- or post-Triassic inversion of the updip
portions of the coastal plain (Withjack et al., 1998)
with no subsidence until the middle part of the Cre-
taceous. These Jurassic-Early Cretaceous stratal
intervals, however, should be preserved down dep-
ositional dip (Dillon and Popenoe, 1988). We also
note that cooling owing to dissipation of magmatic
heat (e.g., related to the Central Atlantic magmatic
province at ca. 200 Ma) may have been superim-
posed on top of exhumational cooling.

Lastly, we highlight that the proposed transition
from rapid exhumational cooling to slower exhu-
mational cooling overlaps temporally with a change
in the grain size of sediment delivered to downdip
stratigraphic sections. Jurassic-lowermost Creta-
ceous sections near Cape Hatteras and offshore
of Georgia exhibit a high proportion of sandstone
beds, whereas younger Cretaceous and Paleogene
strata tend to be progressively finer grained, with
widespread carbonate deposition by the Eocene
(Fig. 11).

Drivers of Landscape Evolution and Basin
Inversion

The post-Paleozoic geomorphic history of the
Atlantic margin has been interpreted as a history
of escarpment retreat as high-standing rift-related

topography was progressively eroded from east
to west by headward erosion (Spotila et al., 2004),
although this model has not been fully tested.
This escarpment-retreat model predicts a zone of
maximum erosion and young cooling ages proxi-
mal to the modern escarpment. Cooling ages are
predicted to increase away from this zone, both
in the direction of the escarpment and toward the
coast. To date, the key thermochronologic evidence
in support of this model has been AHe data from
the North Carolina-Virginia border portion of the
western Piedmont province, which show a west-
to-east decrease across the areas closest to the
modern escarpment over a spatial scale of ~60 km
(Figs. 1, 12). Although AFT data are also reported
from that region, any spatial gradients in cooling
ages are not as well resolved.

The degree to which cooling ages also increase
toward the coast and away from the zone of minimum
cooling ages is one aspect of the escarpment-retreat
model that is not well constrained (Figs. 1, 12),

despite the larger spatial scales over which a
cooling age gradient may be resolved. The data
presented here have the advantage of being from
nearly 200 km to the east of previously reported
sample sites. This large spacing should be optimal
for resolving any west-east age gradients such that
our data are important for ongoing evaluation of
this model. The youngest reported AFT ages in
the western Piedmont of North Carolina-Virginia
range from ca. 127 to 111 Ma (Fig. 1; Spotila et al.,
2004). This range is younger than the AFT ages of
samples CG18-2 (133 Ma), CG18-4 (155 Ma), and
CG18-8 (126 Ma), all in Virginia or North Carolina,
but older than that of sample CG18-6 (99 Ma, in
North Carolina). Thus, three out of four samples
that lie within the area previously proposed and
analyzed for escarpment retreat are consistent with
the predictions of the escarpment-retreat model.
However, thermochronologic analysis of additional
plutons across a range of closure temperatures
would help to better resolve this issue.
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It is also interesting to note that regionally, the
oldest AFT ages in the Piedmont date to the Juras-
sic, with the modal age being Early Cretaceous
(ca. 130 Ma; see Fig. 1 inset). The timing of this
cooling lags by nearly 100 m.y. the timing of exten-
sional deformation in the region. Thus, it seems likely
that the ZFT and AFT systems resolve exhumational
cooling related to the rejuvenation of rift-related
topography by surface uplift after the Triassic. This
rejuvenation may have been caused by magmatic
heating of the crust in the Jurassic and possibly the
Early Cretaceous (Fig. 11) or by other processes that
modified the buoyancy of the lithosphere.

Lastly, our data may add to growing evidence
for later rejuvenations of topography and exhuma-
tion in the southern Appalachians. For one, central
North Carolina-South Carolina sites (samples
CG18-6, Tar River; CG19-1, Congaree River; and, to
a degree, CG18-12, Savannah River) exhibit slightly
later cooling through the AFT closure temperature
than sites to the north. Moreover, recently reported
evidence for a Neogene rejuvenation includes short
apatite fission tracks in the foreland basin prov-
ince in southeastern Kentucky (e.g., Boettcher and
Milliken, 1994), an increase in sediment flux to the
eastern Gulf Coast (e.g., Combellas-Bigott and Gal-
loway, 2006), and an acceleration in river incision in
catchments located on the western side of the conti-
nental divide in western North Carolina (e.g., Gallen
etal., 2013). Site CG18-6 (Tar River, North Carolina)
exhibits a Neogene acceleration in exhumational
cooling in the inverse modeling. The model result
is driven by both the AFT age dispersion and the
short track lengths in the sample. The sample site in
our study is at a similar latitude to those of the other
studies, but it is offset by hundreds of kilometers
to the east. Thus, one promising avenue for future
work may be to more fully evaluate the eastern
extent of enhanced Cretaceous and/or Neogene
erosion in the North Carolina-South Carolina por-
tion of the Appalachians. Notably, our own analysis
of coastal-plain stratigraphy indicates a regional
transition from carbonate deposition in the middle
Cenozoic to sand deposition in the later Cenozoic in
downdip stratigraphic sections, and further under-
scores the need for additional investigation (Fig. 11;
Brown et al., 1972; Scholle, 1979).

B CONCLUSIONS

We have presented new ZFT and AFT cooling
ages for six bedrock samples along the Fall Line
from the James River in Virginia to the Savannah
River on the border of Georgia and South Carolina,
spanning a distance of 200 km. These fission-track
data are paired with ZUPb and AUPb data. The
ZUPb data are mostly consistent with previous
mapping and geochronology, but the AUPb data
at our northernmost and southernmost sample
sites seem to resolve very rapid Pennsylvanian—
Permian cooling of Carboniferous plutons shortly
after emplacement. Although the ZFT age distribu-
tions are complex, they appear to resolve in situ
cooling through ZFT closure temperatures (~282 °C)
in the Jurassic across the region. AFT age distribu-
tions are less complex and resolve cooling through
the AFT closure temperature (~116 °C) generally in
the Late Jurassic-Early Cretaceous.

Inverse and forward modeling scenarios are
used to evaluate the thermal history recorded
by these samples. The models are partially con-
strained by the data described above and partially
constrained by regional observations of thermal
maturity and geologic relationships. They indi-
cate that the post-Paleozoic thermal history for the
Appalachian hinterland involves rapid exhumational
cooling (>10 °C/m.y.) to near-surface temperatures
by the Triassic, modest reburial in the Triassic
(maximum burial heating on the order of 180 °C
plus or minus tens of degrees), exhumational cool-
ing in the Jurassic to Early Cretaceous (at rates of
1-10 °C/m.y.), and then slower exhumational cool-
ing (~1 °C/m.y.) since that time. The inverse models
resolve cooling through the AFT closure tempera-
ture in the Jurassic in central Virginia and North
Carolina and slightly later in the Early Cretaceous
in central North Carolina and South Carolina, sim-
ilar to the spatial gradient in the measured AFT
ages. Inverse modeling of one sample in the east-
ern Piedmont of central North Carolina suggests
a possibility of a Neogene acceleration in cooling.
The Triassic—Cretaceous heating and cooling likely
reflects burial by Triassic strata and basin inversion,
although the addition and dissipation of magmatic
heat may be superimposed on this history. The later

accelerations in cooling rates should be further
investigated by follow-up studies. However, overall,
the geological interpretations that derive from the
space-time patterns of Cretaceous-Cenozoic cooling
described above are supported by grain-size trends
in offshore stratigraphic sections.

The regional patterns of cooling ages are con-
sistent with the view that the macrogeomorphic
evolution of the southern Appalachians was dom-
inated by the erosional retreat of an escarpment.
As opposed to being directly related to the timing
of rifting, our modeling suggests that topography
was rejuvenated in the Jurassic (and possibly in
subsequent episodes) and that the rejuvena-
tion was possibly related to regionally extensive
magmatism.
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